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ABSTRACT: There is ongoing interest in exploring new two-dimensional materials and exploiting their functionalities. 
Here, a top-down approach is used for developing a new morphology of ultrathin nanosheets from highly ordered bis-
muth sulfide crystals. The efficient chemical delamination method exfoliates the bulk powder into a suspension of corru-
gated ultrathin sheets, despite the fact that the Bi2S3 fundamental layers are made of atomically thin ribbons that are held 
together by van der Waals forces in two dimensions. Morphological analyses show that the produced corrugated sheets 
are as thin as 2.5 nm, and can be as large as 20 µm across. Determined atomic ratios indicate that the exfoliation process 
introduces sulfur vacancies into the sheets, with a resulting stoichiometry of Bi2S2.6. It is hypothesized that the nanorib-
bons were cross-linked during the reduction process leading to corrugated sheet formation. The material is used for pre-
paring field effect devices and was found to be highly p-doped, which is attributed to the substoichiometry. These devices 
show a near-linear response to the elevation of temperature. The devices demonstrate selective and relatively fast re-
sponse to NO2 gas when tested as gas sensors. This is the first report showing the possibility of exfoliating planar mor-
phologies of metal chalcogenide compounds such as orthorhombic Bi2S3, even if their stratified crystal structures consti-
tute van der Waals forces within the fundamental planes. 
Introduction  
Among the group V-VI semiconductors, bismuth sulfide 
(Bi2S3) has recently attracted attention as an emerging 
functional material in nano morphologies. This metal 
chalcogenide compound has been shown to demonstrate 
a range of useful properties for applications in photode-
tectors,1-5_ENREF_1_ENREF_1_ENREF_1 photo-
catalysts,6-8_ENREF_5 thin film electrodes,9 gas sen-
sors,10, 11 thermoelectrics,12-14_ENREF_9, lithium ion bat-
teries15 _ENREF_10and solar cells.16, 17  
To date, the reports on Bi2S3 have mostly been focused on 
the fully stoichiometric n-type phase of this material. Na-
tive bulk Bi2S3 has a direct band gap of 1.3 eV.
3 This value 
can be tuned by altering the dimensions of the material, 
increasing to values as high as 2.0 eV for Bi2S3 nanoparti-
cles.18 In a nano ribbon morphology, this material has 
shown a photoresponsitivity exceeding 4 A/W, resulting 
in a quantum efficiency of above 850%.1 Bi2S3 based H2 gas 
sensors have been demonstrated with a response time in 
the order of several hours at room temperature.10 For elec-
tronics, the electron mobility has been reported to be in 
the range of 0.3 to 0.6 cm2/Vs, with on/off ratios of 102-
103.3 However, to date there is no report on any other stoi-
chiometric or sub-stoichiometric bismuth sulfide showing 
p-type behavior.  
The most common crystal structure of stoichiometric 
Bi2S3 is orthorhombic, with a layered structure made of 
atomic scale ribbons projected in the direction of the b-
axis, which are held together by van der Waals forces (see 
Figure 1).19 This favors formation of one-dimensional 
nanostructures, with many previous reports of synthe-
sized nanowires,3, 5, 20 nanorods13, 21 and nano-
tubes.19_ENREF_3 Only one previous report of a two-
dimensional Bi2S3 structure has been presented by Chen 
et al.1 In their work, Bi2S3 nanoribbons were synthesized 
using chemical approaches to form quasi two-
dimensional structures. The existence of Bi2S3 in nanorib-
bon morphology is an indication that this material can 
possibly be exfoliated from its highly ordered bulk crys-
tals into larger, planar nanosheets.  
It has been widely established that two-dimensional 
forms of materials such as graphene, phosphorene and 
transition metal dichalcogenides show vastly altered opti-
cal and electronic properties from their bulk counter-
parts.22-26_ENREF_13 We predict that such phenomena 
 can also be observed in two-dimensional bismuth sul-
fides, if their  
 
 
Figure 1: crystal structure of Bi2S3,
27 a) view from the b axis 
showing the cross-section of the individual ribbons, b) view 
from the c axis highlighting the layered structure, c) struc-
ture of one individual Bi2S3 unit and d) structure of two 
neighboring Bi2S3 ribbons. The red circle indicates the loca-
tion where the loss of one sulfur atom could lead to the 
cross-linking of individual ribbons resulting in sheet for-
mation, as discussed in the context of the XPS analysis. 
efficient exfoliation is achieved. To the best of our 
knowledge, there is no report of top-down exfoliation 
processes or formation of micron-sized ultrathin Bi2S3 
sheets. Isolation of ultrathin sheets from orthorhombic 
Bi2S3 could present a range of interesting, previously un-
explored dimension-dependent properties. 
The bulk crystal of orthorhombic Bi2S3 displays favored 
cleavage along the (010) plane, since the planar layers are 
held together by weak van der Waals forces.28 Zhang et al. 
also report that the (040) plane has the lowest surface 
energy out of the major crystal facets.16 As a result, we 
predict that it is likely that successful exfoliation of Bi2S3 
would occur parallel to this plane. However, harsh exfoli-
ation conditions could possibly result in the breakdown of 
the planar arrangement of the ribbon-like units, leading 
to the exfoliation of one dimensional structures. Hence 
the exfoliation strategy has to be carefully designed in 
order to maintain the desired planar morphology. 
A variety of liquid phase exfoliation approaches have been 
investigated for layered materials including graphene and 
transition metal dichalcogenides.29-34_ENREF_16 Many 
of such liquid exfoliation techniques are based on pro-
cesses such as the intercalation of the layered entity using 
a highly reactive lithium reagent,35-37 probe sonication in a 
surfactant solution29, 30, 38 or a low energy solvent,32 and 
delaminating the layered material by reaction with a re-
ducing agent like hydrazine.39, 40 
Out of such techniques, the hydrazine reduction process 
has distinct advantages. It is a very effective technique, 
requiring a short processing time and, more importantly, 
no mechanical agitation. Consequently, successful exfolia-
tion can occur without resulting in the breakdown of the 
exfoliated sheets. As a result, ultrathin sheets of exfoliated 
material with very large lateral dimensions can be ob-
tained. The hydrazine reduction process has recently 
been demonstrated for the exfoliation of MoS2 by our 
group.40 We hypothesize that it can also be used for the 
exfoliation of large sheets from highly ordered bismuthin-
ite, the naturally abundant crystals of Bi2S3. 
In this work, we exfoliate highly ordered Bi2S3 crystals, 
using a hydrazine salt, to obtain large sheets of two-
dimensional bismuth sulfide. The chemical exfoliation 
process eliminates the need for sonication of the reaction 
mixture and results in large sheets, despite the fact that 
native Bi2S3 is comprised of in-plane van der Waals rib-
bons. The sheets are fully characterized to reveal their 
stoichiometry and morphological properties. Subsequent-
ly, devices based on the exfoliated nanosheets are estab-
lished to investigate their electrical and sensing proper-
ties. 
Experimental Section 
Materials and Methods. Bulk Bi2S3 powder (99.9%) was 
purchased from Strem. Hydrazine dihydrochloride 
(98.5%) and dimethylformamide (DMF) (99.8%) were 
purchased from Sigma Aldrich. 
Reductive exfoliation. The method used for the exfolia-
tion of stratified Bi2S3 was similar to that recently devel-
oped by our group for exfoliating MoS2.
40 0.5 g of hydra-
zine dihydrochloride and 0.1 g of bismuth sulfide were 
mixed into 10 mL of DMF and heated to reflux at 153°C for 
1 hour, with constant stirring. The mixture was then 
stored at −30°C for approximately 90 minutes, to solidify 
remaining organic side products. The solution was centri-
fuged at 200 RCF for 15 minutes to remove unreacted bulk 
Bi2S3. The produced suspension was then centrifuged at 
16,000 RCF for 60 minutes to sediment out the ultrathin 
bismuth sulfide. The ultrathin sheets were re-suspended 
and washed several times using fresh DMF. We avoided 
washing with water since the addition of water leads to 
the crystallization of large amounts of bismuth oxychlo-
ride (BiOCl) which forms from excess dissolved bismuth 
and chloride ions (See Figure S1).  
Device Fabrication. The suspended nanosheets were 
drop casted onto highly p-doped 290 nm SiO2/Si sub-
strates pre-patterned with a registration scheme of Au 
markers. Optical and scanning electron microscopy 
(SEM) images were subsequently used to locate suitable 
sheets. Electrodes were patterned using electron beam 
lithography (EBL) at 25 keV (FEI XL40 SEM) using the 
substrate markers for the alignment, followed by deposi-
tion of 10 nm Ti and 50 nm Au using electron beam evap-
oration. 
Characterization. The suspension of ultrathin sheets in 
DMF was dried on silicon substrates, glass slides and 
transmission electron microscopy (TEM) grids for further 
analysis. TEM was performed on a JEOL 1010 instrument 
(100 keV), to determine the lateral dimensions of the 
sheets. High resolution TEM (HRTEM) images were col-
lected using a JEOL 2100F instrument (200 keV). SEM was 
conducted using an FEI Verios instrument operating with 
 a landing energy of 1 kV (stage bias 4 kV). Optical images 
were collected using a Leica DM2500M microscope with a 
CCD camera. The thickness of the sheets was determined 
using a Bruker Dimension Icon atomic force microscope 
(AFM) in tapping mode. 
A map of photoluminescence spectra was obtained using 
a Horiba Scientific LabRAM HR evolution system with 5 s 
exposure using excitation wavelength of 532 nm. A Rein-
shaw inVia spectrometer with laser excitation of 785 nm 
was employed to collect the Raman spectrum of the mate-
rial. The powder x-ray diffraction (XRD) pattern of the 
sheets was collected using a Bruker D4 Endeavour with 
Cu Kα radiation of 1.5406 Å. 
The elemental composition was studied by x-ray photoe-
lectron spectroscopy (XPS) using a Thermo Scientific K-
alpha instrument with a monochromated Al Kα x-ray 
source (1486.7 eV). The bulk material was also studied 
using an Oxford Instruments X-Max 80 energy dispersive 
x-ray spectroscopy (EDS) detector connected to the SEM. 
Electrical measurements were performed using a Keithley 
2400 sourcemeter. Standard 2-probe DC techniques were 
used, at ambient temperature and pressure, with a back 
gate voltage applied to the highly p-doped Si substrate. 
Elevated temperature measurements were achieved using 
a Linkam stage, with a temperature controlled stub. 
Photoelectron spectroscopy in air (PESA) was used for 
determining the valence band position of samples dried 
on glass substrates, using a Riken Kekei AC-2.  
Gas sensing was achieved using a custom sensing cham-
ber attached to a digital mass flow controller, which 
 
 was set at a flow rate of 200 sccm. The NO2 concentration 
was 10 parts per million (ppm) in background air. H2S and 
H2 were set to 56 ppm in N2 and 1% in air, respectively. 
Water vapor was introduced at 50% relative humidity. 
Results and Discussion 
Structure and Morphology 
Liquid phase exfoliation of bulk Bi2S3 was carried out, as 
presented in the Experimental section, and the remaining 
bulk powder was removed. In brief, we used hydrazine 
dihydrochloride facilitated exfoliation, which does not 
require any mechanical agitation and leads to nanosheets 
of large lateral dimensions. After centrifugation, large 
amounts of grey sediment were observed, which indicates 
that there is a high yield of ultrathin material produced. 
These were washed and re-suspended in DMF for further 
analysis.  
The suspended nanosheets were studied by several tech-
niques, to determine their size and morphology. 30 differ-
ent sheets on a grid were measured by TEM, as presented 
in the size histogram (Figure 2a). A range of micron-scale 
dimensions are observed, with the majority of sheets be-
ing 2-4 µm in length, and some reaching dimensions as 
large as 20 µm. The highly wrinkled nature of the sheets 
when dried upon the TEM grid suggests that the true di-
mensions, when laid flat, would be even larger. It seems 
that the lateral dimension is limited by the dimensions of 
the starting bulk powder. 
 
Figure 2. a) Size histogram of 30 sheets observed by TEM. b) TEM image of a small sheet, scale bar 0.5 µm. c) TEM image of a 
large sheet, scale bar 0.5 µm. d) SEM image of the edge of a sheet, scale bar 1 µm. e) AFM image of the same area shown in d), 
 scale bar 1 µm. Inset height profiles of the blue and green lines. f) Thickness histogram prepared by measuring 50 flat and folded 
edges. 
Example TEM images of a small and large sheet are pre-
sented in Figure 2b and c, additional TEM images with 
different degrees of wrinkling are presented in Figure S2. 
Transparent regions, where the sheets lay flat, indicate 
that the product is expected to be ultrathin. Additionally, 
the flexibility of the sheets is always associated with the 
low number of fundamental layers forming an ultrathin 
sheet.41, 42 
SEM imaging was used for studying the structure of the 
sheets further, using settings to enhance the surface de-
tail, enabling the observation of wrinkles and thin edges. 
Differences in the contrast of the SEM images show where 
the edge of the sheet lays flat or is folded over (See Figure 
2d). It is also observed that some thick species have dried 
onto the sheet. These could be small pieces of unexfoliat-
ed material or other insoluble impurities and side prod-
ucts. Further optimization of the washing process is nec-
essary to obtain perfectly clean, uniform samples. 
The thickness of the sheets was confirmed using AFM 
measurements (Figure 2e and f) which show that a step at 
the flat edge of a sheet is 2.5 nm. The thickness of a full 
stoichiometric monolayer would be limited by the lattice 
parameter of 1.1 nm.1 We were not able to find any step of 
this thickness in our samples as can be seen in Figure 2f. 
The minimum observed thickness was found to be just 
above 1.5 nm in all our observations (Figure 2f). We will 
associate this increase of the thickness with the develop-
ment of a corrugated plane structure that will be dis-
cussed in the context of HRTEM imaging later in this 
manuscript. Many folded edges are also observed, as 
shown by the green trace in Figure 2e, featuring a bilayer 
thickness in the order of 5 nm. Additional AFM images 
are also presented in Figure S3.  
As an example, a single sheet was analyzed by a variety of 
techniques (SEM, AFM, optical images and photolumi-
nescence), to determine the combined information that 
can be obtained for a single sheet (Figure S4). The ob-
served folds and wrinkles in the material not only confirm 
the thinness of the sheets, but also show their strength 
and flexibility, since there are no signs of fracturing along 
the folds. 
To further analyze the thickness of the exfoliated sheets, 
HRTEM was used, as presented in Figure 3. In the low 
magnification image, a single layer with several folds is 
observed (Figure 3a inset). Analyzing folded edges of the 
nanosheets allows gaining insight into the local surface 
morphology of the nanosheets which can otherwise not 
be observed for flat laying regions. Higher magnification 
shows that the folded edges follow a zig-zag pattern (Fig-
ure 3a and b). This pattern is consistent with the crystal 
structure of orthorhombic Bi2S3, with an offset herring-
bone arrangement of repeating units.43 The height of the 
observed zig-zag, however, is close to ~1.3 nm (Figure 3b), 
indicating that the plane has been warped into deeper 
corrugations. Adding the depth of the observed corruga-
tion to the lattice parameter of a single layer (1.1 nm) al-
lows establishing an approximation for the expected  
 
 
Figure 3. a) HRTEM of a nanosheet, scale bar 10 nm. Inset 
top, lower magnification, scale bar 20 nm. Inset bottom, Fou-
rier transform pattern showing spots at 1 nm-1. b) Higher 
magnification of a) showing zig-zag edge with corrugations 
of 1.3 nm depth and a lateral peak-to-trough distance of 
2 nm, scale bar 2 nm. 
layer thickness of the exfoliated sheets which is found to 
be ~2.4 nm for a corrugated monolayer. This number is 
consistent with the step height observed using AFM in 
Figure 2f, indicating that monolayer bismuth sulfide is 
synthesized. As can be seen in Figure 3a the crystal lattice 
has been highly distorted, although some areas of local-
ized crystallinity can still be identified. 
We, hence, speculate that the reductive exfoliation pro-
cess alters the in-plane crystal structure of the bismuth 
sulfide, by possibly introducing sulfur vacancies and al-
lowing the ribbon-like units to interact in an alternate 
arrangement. The assumption regarding the presence of 
sulfur vacancies will be further explored using x-ray pho-
toelectron spectroscopy (XPS) later in this manuscript. 
These vacancies cause a repeating unit with corrugations 
of 1.3 nm along the c-axis, resulting in a monolayer with a 
uniform height of 2.4 nm and folded edges with double 
this height. The spacing between the corrugations is ob-
served to be ~2 nm, and is identified as spots in the Fouri-
er transform (Figure 3a inset) at a diameter of ~1 nm-1. The 
 observation of a repeating unit, with directionality, im-
plies that the nanosheets would possess anisotropic prop-
erties and these will be studied in future investigations. 
 
 
Figure 4. a) Photoluminescence spectrum of a sheet. b) Ra-
man spectra of exfoliated and bulk material. c) XRD patterns 
of exfoliated and bulk material with main peaks indexed. 
Data has been normalized for ease of comparison. 
Composition 
The exfoliated sheets were characterized and compared to 
the bulk starting material to determine the composition 
of the products. Photoluminescence was observed from 
the sheets when a 532 nm laser excitation was used. The 
emission shows a peak centered at 629 nm and a second, 
broader peak at 689 nm (Figure 4a). The observed photo-
luminescence is in the same energy range as previously 
reported luminescence from Bi2S3 nanobelts.
44 It has been 
suggested that crystal defects may create deep trap states 
that provide alternate recombination pathways resulting 
in the observed photoluminescence.45-47 The intensity of 
the photoluminescence emission is directly proportional 
to the thickness of the material (see Figure S4b). We do 
not see enhanced emission for ultrathin regions, as has 
been reported for other two-dimensional materials.48 This 
is probably due to the fact that the bulk material already 
possesses a direct bandgap, and thus no bandgap cross-
over can be observed when the thickness of the crystal is 
reduced. 
The Raman spectra (Figure 4b) show similar patterns for 
bulk Bi2S3 and thin layers. The peak locations closely 
match previously reported values,3 the transverse Ag, in-
plane, peaks occur at 188 and 240 cm-1, and the longitudi-
nal B1g vibrations are at 168 and 265 cm
-1.49 However, the 
relative peak intensity of the main B1g peaks is increased 
in the exfoliated sample, which has previously been re-
ported for Bi2S3 quantum dots.
50 This indicates that the 
longitudinal vibrations are altered compared to bulk crys-
tals of Bi2S3. 
   
Figure 5. XPS binding energy windows for a) Bi 4f, b) S 2s 
and c) Bi 4d, for exfoliated (blue) and bulk material (black). 
Data has been normalized for ease of comparison. 
An exfoliated sample dried on glass shows an XRD pat-
tern that corresponds well to the bulk powder (Figure 4c). 
The broad feature between 15-35° is a background signal 
 associated with the glass substrate. All peaks are indexed 
to crystal planes of orthorhombic Bi2S3 (JCPDS 17-0320). 
The bulk material features major contributions from 
(130), (310) and (020) peaks. The exfoliated material is 
expected to show preferential orientation in the (010) and 
parallel planes, which would increase the peak intensities 
for these directions. The absence of these intense peaks 
can be attributed to the highly wrinkled nature of the 
sheets when dried on a substrate, resulting in random 
orientation. Additionally, the overall peak intensities have 
significantly decreased for all peaks, which further con-
firms the distortion of the crystal lattice during the chem-
ical exfoliation, in agreement with the HRTEM analysis. 
The XPS data (Figure 5a) of the bulk Bi2S3 reference, sam-
ple measured for the binding energy region between 145 
and 175 eV, show a Bi 4f doublet with the S 2p doublet 
inside the Bi 4f doublet gap. These peaks were fitted for 
the bulk material (Figure S5a) and sensitivity factors were 
calibrated to yield the expected Bi to S atomic ratio of 
40:60 for Bi2S3. The atomic ratio of the precursor Bi2S3 
material was confirmed using EDS during SEM imaging, 
giving a ratio of ~38:62, as shown in Figure S5b. 
For the exfoliated sample (Figure 5a, blue line), broaden-
ing of the Bi 4f peaks to higher binding energies indicates 
that some Bi within the sample exists in a sulfur-deficient 
state.51 The stoichiometric analysis of the sample is found 
to be complicated due to the overlapping of the Bi 4f and 
S 2p peaks which are also found to be comparatively 
weak. Furthermore, interference from the substrate’s Si 2s 
signal is observed. As a result, it is not accurate to use this 
energy window for peak fitting.  
As an alternative, the less prominent S 2s and Bi 4d ener-
gy windows (Figure 5b and c) are used, since these peaks 
are found to be more defined while not being affected by 
any overlapping signals from other elements. The S 2s 
peak corresponding to elemental sulfur at 227.9 eV (green 
line) and the Bi2S3 S 2s peak at 225.6 eV (purple line) are 
fitted, and the peak corresponding to Bi2S3 is used for the 
atomic ratio calculation.6, 28, 52, 53 Oxidation of the material 
is ruled out by closer observation of the O 1s region and 
extended Raman spectrum (Figure S6). The Raman spec-
trum does not show any evidence of peaks at 450 or 530 
cm-1 which would indicate the presence of Bi2O3.
54, 55 
Moreover, the symmetrical O 1s peak is assigned to the 
SiO2 substrate with no evidence of a shoulder or peak at 
higher energy levels, which would be observed for Bi2O2S 
and Bi2O3.
56-58 The Bi 4d doublet is also integrated and the 
atomic ratio between Bi and S in the exfoliated material is 
found to be 43:57, corresponding to a chemical formula of 
Bi2S2.6. This indicates that the product is not fully stoichi-
ometric Bi2S3, but rather that there is a large amount of 
sulfur vacancies introduced to the sheets during the exfo-
liation process. The lost sulfur atoms are likely reduced to 
elemental sulfur during the hydrazine based exfoliation 
procedure, giving rise to the associated distinct XPS signal 
(Figure 5b) and potentially the observed residues men-
tioned in the SEM discussion.  
The determined elemental ratio indicates that most fun-
damental building blocks of the ribbon structure (Figure 
1c) have lost one sulfur atom. The loss of one sulfur atom 
per bismuth sulfide unit provides a suitable hypothesis for 
the origin of the observed corrugated 2D sheet formation. 
If the sulfur loss preferentially involved the terminal sul-
fur atoms (highlighted in Figure 1 d), cross linking of the 
individual ribbons and 2D sheet formation can be ration-
alized due to the formation of sulfur bridges. The van der 
Waals gap in c-axis direction is only 3.16 Å wide while the 
distance between the nanoribbons in the a axis is 3.45 Å. 
The sulfur to bismuth bond lengths in bulk Bi2S3 are 
found to be between 2.5 Å and 3.0 Å and predominantly 
between 2.5 Å and 3.2 Å in simulated quantum confined 
Bi2S3 systems, indicating that 2D cross linking rather than 
the formation of a three dimensional system is 
preferred.59 As previously discussed, these vacancies, in 
combination with the formation of sheets, are the possi-
ble causes of the in-plane corrugation. 
The presence of Bi ions in the reaction mixture (as indi-
cated in the Experimental section by the formation of 
BiOCl) along with the altered atomic ratio, suggests that 
the harsh reaction conditions cause some breakdown of 
the material during the exfoliation process. This resulting 
substoichiometry is consistent with previous characteri-
zation of hydrazine assisted exfoliation of MoS2.
40 
Electrical Properties 
Back-gated devices were established to facilitate the elec-
trical characterization of the exfoliated sheets. Optical 
and SEM imaging (Figure S7) were employed to locate the 
dispersed nanosheets on a substrate after drop casting the 
suspension. Large sheets that lay reasonably flat on the 
pre-patterned SiO2/Si substrate are selected for electrode 
deposition. The thinnest and flattest part of the sheets 
were identified and measured with respect to the markers 
and EBL was used to pattern the electrodes, an example of 
which is shown in Figure 6a. A total of four operational 
structures was fabricated which displayed consistent 
properties. The location was then studied by AFM (Figure 
6b) to determine the thickness of the sheet, wrinkles and 
also to confirm the height of the Au/Ti electrodes. The 
sheet was found to be ~3 nm thick, with wrinkles reaching 
6 nm of height (Figure 6c). This indicates that the electri-
cal measurements were collected for single layer sheets. 
The devices were measured with various applied back-
gate voltages and the current-voltage (I-V) curves were 
collected across the drain (an example is presented in 
Figure 6d). Non-ohmic contacts are observed, likely due 
to the chemical processing of the nanosheets, resulting in 
mobilities limited to the order of 10-3 cm2/Vs. The en-
hanced current at negative gate voltage suggests that the 
sample has p-type nature. Bi2S3 is usually reported as an 
n-type material,14, 60 and this p-doping is likely due to al-
tered properties resulting from chemical preparation of 
the sheets and the resulting substochiomety. The sample 
displays weak transconductance and does not switch off 
at gate voltages up to 80 V, where leakage typically oc-
curs, indicating metallic doping of the material. Reports 
of metal-like conduction in substoichiometric Bi2S3 have 
attributed this phenomenon to sulfur vacancies in the 
 material.13, 61, 62 Annealing substoichiometric Bi2S3 in a sul-
fur atmosphere was shown to decrease the electrical con-
ductivity by reducing the carrier concentration, as a result 
of the reduced number of sulfur vacancies.62 In order to 
 
 
Figure 6. Electrodes deposited on an exfoliated nanosheet. 
a) Optical image, scale bar 5 µm. b) AFM image of the same 
device, scale bar 2 µm. c) Height profiles of lines in b), show-
ing thicknesses of the sheet, wrinkles and electrodes. d) I-V 
curves of device using various applied gate voltages. Inset, I-
Vgate curves of device with various drain voltages. e) I-V 
curves of device at various temperatures. 
improve the materials performance in logic devices, more 
work should be carried out, to improve the contacts and 
to also tune the material’s sulfur content in order to ob-
tain a higher mobility in this p-type material.  
To further investigate the electrical properties of the 
nanosheets, the valence band position and Fermi level of 
the material were determined using PESA and valence 
XPS investigation (Figure S8). PESA found the material’s 
valence band position to be 5.2 eV. This is consistent with 
the reported value of 5.13 eV, calculated for the (010) sur-
face of Bi2S3.
63 The extremely small gap between the Fermi 
level and the valence band (~0.1 eV) indicates the pres-
ence of excess holes in the valence band and is indicative 
of high p-doping, which is in agreement with the electri-
cal measurements.  
The device’s response to elevated temperature was also 
studied. I-V curves collected from 25-125°C (Figure 6e) 
show that the current increases near-linearly with in-
creasing temperature. This translates into a negative tem-
perature co-efficient where the resistivity changes from 
~290 to ~55 Ωcm-1 when the temperature is increased 
from 25°C up to 125°C. This order of change in resistivity 
with temperature is comparable to that reported previ-
ously for n-type Bi2S3.
13 The change in resistivity is rela-
tively linear which means that the device can be efficient-
ly used for room temperature sensing applications. 
 
 
Figure 7. I-V curve of device before (black) and after (red) 
exposure to NO2 gas for 15 minutes at room temperature and 
subsequent purging (dashed). 
Gas Sensing 
The device was also investigated for the use as a room 
temperature gas sensor. The I-V curve was collected, at 
room temperature, before and after exposure to 10 ppm 
NO2 for 15 minutes (Figure 7). The I-V curve indicates an 
increased conductivity of the nanosheet, leading to an 
increased current by a response factor of 1.8 after expo-
sure to NO2 gas. The increase in conductivity with ad-
sorbed  NO2 is observed since the material is a p-type 
semiconductor and NO2 acts as an electron acceptor.
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 The sensor shows a fast response, but a slow recovery, as 
highlighted in Figure S9. 
After purging the sample for two hours with synthetic air, 
the device still showed an elevated conductivity. This 
slow recovery time indicates that the gas molecules 
strongly interact with the device and the adsorption is not 
quickly reversed. However, when measured after resting 
overnight, the device completely returned to its original 
state, which shows that no permanent bonding between 
the gas and the device occurred and that the nature of the 
interaction is probably physisorption. Similar slow recov-
ery times are widely reported for other forms of phy-
sisorption based NO2 sensors including two-dimensional 
MoS2 and carbon based devices. 
65, 66  
Bi2S3 nanowires and WS2 nanosheets have shown promise 
as humidity sensors.67, 68 As such, the sensor’s response to 
water vapor was also investigated, to determine if the 
humidity of the environment will interfere with the sen-
sor’s response to NO2 gas. The current signal was found to 
decrease on the transition from a dry environment to 50% 
relative humidity, as shown in Figure S10. This indicates 
that the sensor may show a weaker signal when measured 
in a humid environment, but the humidity will not inter-
fere to give a false-positive response to NO2 gas. 
A previous report on gas sensing using a Bi2S3 nanowire 
shows moderate response and recovery time for interac-
tion with H2 gas.
10 As such, our sensor was also exposed to 
H2 and H2S gases, however, no response was detected 
(Figure S11). This discrepancy is attributed to the way the 
gases interact with the two different materials. Yao et al.10 
use n-type one-dimensional nanowires and do not report 
sulfur vacancies in their material. Hence, it is predicted 
that our material does not interact with H2 due to the 
different structure of the used bismuth sulfide based ma-
terials. Furthermore, these measurements indicate that 
substoichiometric p-type nanosheets have a good selectiv-
ity for NO2 gas sensing. 
Conclusion 
A new two-dimensional form of bismuth sulfide was de-
veloped, using a hydrazine salt based liquid phase exfolia-
tion process. Since no mechanical force was required dur-
ing this process, micron-scale ultrathin corrugated 
nanosheets could be obtained, despite the fact that the 
ribbon-like entities are held together by weak van der 
Waals forces along the planar structures in the bulk sam-
ple. The synthesized corrugated sheets were as large as 
20 µm across and as thin as 2.5 nm. Sulfur vacancies in-
troduced during the exfoliation process altered the stoi-
chiometry of the material, resulting in a chemical formula 
of Bi2S2.6. The loss of sulfur atoms likely facilitated the 
cross linking of the individual bismuth sulfide ribbons, 
leading to the formation and exfoliation of corrugated 2D 
nanosheets. Further work on the characterization of the 
highly anisotropic material is expected to show interest-
ing altered properties along the corrugations. A metallic 
electrical response, with weak transconductance, was dis-
played and hence, future studies will investigate means to 
control the sulfur content to tune the material’s electron-
ic properties. A near-linear response to temperatures 
from 25-125°C highlights the potential use of this material 
in temperature measurement systems. The material also 
showed promise as a selective NO2 gas sensor, with a fast 
response time and a response factor of 1.8. This is a first 
report on hydrazine salt assisted exfoliation of a highly 
ordered compound into corrugated planes, despite the 
fact that the precursor crystal was not naturally made of 
uniform covalently bound fundamental planes. The 
method can be adopted for the formation of future planar 
morphologies from crystals that are only quasi-stratified 
and, hence, lead to many novel possibilities in exfoliation 
processes for new two-dimensional materials.  
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